Tensile stress-strain behavior coupled with fractography was used to investigate the weld-line strength of an injection molded 40 w% talc-filled polypropylene. The relationship between processing conditions, microstructure, and tensile strength was established. Fracture surface of the weld line exhibited skin-core morphology with different degrees of talc particle orientations in the core and in the skin. Experimental results also showed that the thickness of the core decreased and the thickness of the skins increased with increasing melt temperature and increasing hold pressure, which resulted in an increase of yield strength and yield strain with increasing melt temperature and increasing hold pressure. Finally, a three-parameter nonlinear constitutive model was developed to describe the strain softening behavior of the weld-line strength of talc-filled polypropylene. The parameters in this model are the modulus E, the strain exponent m, and the compliance factor . The simulated stress-strain curves from the model are in good agreement with the test data, and both m and are functions of skin-core thickness ratio.
Introduction
Injection molding is one of the most common manufacturing processes in the polymer industry owing to its versatility, high production rate, short cycle time, and low percentage of scrap. In addition, this process can be used for a large variety of thermoplastic polymers. One of the defects observed in injection molded parts is weld line, which is formed when two or more separate melt fronts traveling from different directions meet and join as the mold cavity is filled [1] . This happens in multigated molds but can also occur when a melt front is divided by inserts used in the mold to create holes or other openings in injection-molded parts. Since weld lines cause reduction in mechanical properties and visual defects, many studies have been conducted to explain the weakness at the weld line. For example, Mielewski et al. [2] have investigated the weld-line morphology of injection molded polypropylene. Tomari et al. [3] have reported Vnotch at weld lines in polystyrene injection moldings. Fellahi et al. [4] investigated the morphology of the weld region in injection-molded high-density polyethylene/polyamide-6 blends. In the homopolymer system, the weakness of weld line can be explained by incomplete bonding due to inefficient molecular entanglement at the interface, disturbance of molecular orientation parallel to the flow direction, inefficient diffusion time, existence of voids, and V-shape notch owing to entrapped air or contaminants and notch depth [5, 6] . On the other hand, loss in weld-line strength in filled and fiber reinforced polymers depends on the shape of the reinforcement. Fisa and Rahmani [7] studied the weld-line strength of injection molded short fiber reinforced polypropylene. The weld line in their study was formed by flow around a circular insert in the mold. They found that the weld-line zone, which extended throughout the thickness, was 2 to 8 mm wide and the fibers in this zone were oriented in a plane parallel to the weld line. Savadori et al. [8] have observed significant reduction in strength for rubber filled PP/EP blends.
The purpose of this study was to determine the effect of two injection molding processing conditions on the weld line strength of talc-filled polypropylene. Polypropylene is a semicrystalline engineering thermoplastic and is known for its balance of strength, modulus, and chemical resistance. Both polypropylene and polypropylene matrix composite have many potential applications in automobiles where creep resistance, stiffness, and some toughness are required in addition to weight savings. Mechanical behavior of polypropylene and its composites has been the subject of numerous studies over the last few years. Some of these research studies have investigated the relationship between the mechanical behavior of polypropylene, microstructure, and processing conditions. Diez-Gutierrez et al. [9] have reported the dynamic mechanical analysis of injection-molded discs of polypropylene and untreated and silane-treated talc-filled polypropylene composites. Li and Cheung [10] have investigated the effect of mold temperature on the formation of / polypropylene blends in injection molding. All these results show that the mechanical behavior of polypropylene and its composites is sensitive to the injection molding processing conditions. However, the effect of processing conditions on the weld-line strength of talc-filled polypropylene composites has not been reported in the past.
Experimental
The material investigated in this study was a 40 w% talcfilled polypropylene homopolymer. The average flow rate of this material was 6.8 g/10 min. The melting point of the polypropylene matrix was 160 ∘ C. The injection-molded plate thickness was 2.5 mm. A 90-ton Toyo injection molding machine was used to mold these plates. Three different melt temperatures were considered, namely, 209, 232, and 277 ∘ C. The peak injection pressure was 103 MPa for all plates, but the hold pressure was varied at three levels, namely, 27.6, 55.2, and 82.7 MPa. The mold temperature was maintained at 35 ∘ C. The following two groups of plates were injection molded:
(1) group I: hold pressure = 55.2 MPa and melt temperature = 209, 232, and 277
group II: melt temperature = 232 ∘ C and hold pressure = 27.6, 55.2, and 82.7 MPa. Dog-bone shaped specimens were prepared from the injection molded plates with weld line. The specimen dimensions were 100 mm in overall length, 25 mm in gage length, and 12.7 mm in gage width (Figure 1 ). The weld line, shown as located at the mid length of the tensile specimens, was formed in the plates as the two melt fronts with the opposite flow directions joined together at the mid length.
Uniaxial tensile tests were performed on an MTS servohydraulic testing machine. Three specimens were tested for each processing condition. The tensile tests were conducted at 1.25 mm/min, which is equivalent to a strain rate of 0.05 min −1 . Three parameters were evaluated from each stress-strain curve: elastic modulus ( ), yield strength ( ), and yield strain ( ). Elastic modulus or Young's modulus is the initial slope of the stress-strain curve. Yield strength is assumed to be the maximum stress observed in each stress-strain diagram and the strain corresponding to the yield strength is the yield strain. During the tensile tests, all specimens were observed to break at the weld zone.
Results and Discussion
Figures 2 and 3 show the tensile stress-strain curves of talc-filled polypropylene with weld line under the different processing conditions. It can be observed in these figures that the stress-strain diagrams are nonlinear even at strains lower than the yield strain. Each curve shows a maximum stress, which is assumed to be the yield strength of the material at the weld line. After reaching the yield point, stress decreased steadily with strain until fracture occurred at the weld zone. Figure 2 shows the effect of melt temperature on the tensile behavior of talc-filled polypropylene with weld line. The yield strength and yield strain increased by 9.3% and 26.6%, respectively, as the melt temperature was increased from 209 ∘ C to 277 ∘ C. But the effect of melt temperature on the modulus is relatively small for the three melt temperatures investigated. Figure 3 shows the effect of hold pressure on the tensile behavior of talc-filled polypropylene with weld line. Increasing the hold pressure increases the yield strength, yield strain, and failure strain. But the modulus is not sensitive to hold pressure. The tensile properties of material with different processing conditions are listed in Table 1 .
From Figures 2 and 3 and Table 1 , it can be concluded that the weld-line yield properties of talc-filled polypropylene are sensitive to the two processing conditions considered. Figures  4 and 5 show that the variation of yield strength and yield strain with melt temperature and hold pressure can be represented by linear relationships. The following two linear relationships are proposed: 
Assuming the reference melt temperature 0 = 232 ∘ C and reference hold pressure 0 = 55.2 MPa, one can obtain the average values of the melt temperature sensitivity factor and the hold pressure sensitivity factor as melt = 0.024/ ∘ C, melt = 0.0029/ ∘ C pressure = 0.098/MPa, pressure = 0.0082/MPa.
(3) Figure 6 shows comparison of stress-strain curves for talc-filled polypropylene with weld and without weld line. When the weld line was introduced, the yield strength, yield strain, and failure strain decreased by 35%, 73%, and 92%, respectively. But the presence of weld line does not influence the modulus. After the yield strain is reached, the weld-line specimen breaks quickly, with very little additional deformation, indicating that the weld line is a weak zone in the material. According to Merah et al. [11] , weld line is a brittle zone; the yield strain and failure strain for weldline specimens have the same value. But in the talc-filled polypropylene with weld line, 0.3-0.6% plastic strain was observed after yielding (as shown in Figures 2 and 3 ). In Figure 6 , strain softening behavior was found for specimens with and without weld line, which was conjectured to be due to the strain softening behavior of polypropylene matrix [12] .
To investigate the failure mechanism of the weld line, the fracture surfaces at the weld line were examined in a scanning electron microscope. Fracture surface in Figure 7 (a) exhibits skin-core morphology with different degrees of talc particle orientations in the core and in the skin. A "white band" can be observed in the center section of the fracture surface. It consists of talc particles with their surface oriented normal to the flow direction (Figure 7(b) ). No matrix material can be seen adhering to the particles, indicating poor or no adhesion between the talc particles and the polypropylene matrix. In this area, the particles prevented the polymer chain to bridge across the weld line interface to form a strong bond and the orientation of the molecules is parallel to the weld-line rather than across it. Brittle fracture of talc particles can also be observed in Figure 7 (b). Talc particles outside the core tend to be parallel to the flow direction (same as the tensile test direction). The color of this area is dark. Polymer chains in this area can easily bridge across the weld line to form a strong bond between the two sides and the orientation of the molecules is normal to the weld line rather than parallel to it. Magnification of the fracture initiation site was shown in Figure 7 (c). The matrix material was drawn in the tensile stress direction and fibrillated around the talc particles. The ductility of weld line can be mainly attributed to the large elongation of polypropylene in the dark area. The formation of skin-core morphology along the weld line of talc-filled polypropylene can be explained by referring to the viscous flow behavior of the liquid material as it flows in the injection molding cavity. The shear stress in the flow channel decreases from its highest value at the cavity walls to a near-zero value at the center. Near the cavity walls, the platy talc particles as well as the polymer molecules become oriented parallel to the flow direction as a result of the high shear stress in this area. But near the center, where the shear stress is the lowest and the flow velocity is the highest, the particles turn to normal to the flow direction. show the fracture surfaces of the specimens injection molded at hold pressures 27.6 MPa and 82.7 MPa, respectively. The thickness of the "white band" decreased with the increasing hold pressure; more and more talc particles tend to be parallel to the flow direction (tensile direction). Figures 9(a) and 9(b) show the fracture surfaces of the specimens injection molded at melt temperatures 209 ∘ C and 277 ∘ C, respectively. Here also, the thickness of the "white band" decreased with increasing melt temperature.
From Figures 7-9 , it can be concluded that the total crosssectional area of the weld line can be divided into well bonded area (dark zone) and nonbonded area (white band). If we assume that the total load is shared by the two areas, then the yield strength of the weld line can be expressed as
where 0 , are the yield strengths of the injection molded part without and with "white band. " 0 is the total crosssectional area of the specimen and is cross-sectional area of the nonbonded white area. Furthermore, if we assume that both dark and white bands have the same width as the specimen width, the skin-core thickness ratio can be defined as where and 0 are thickness of white band and thickness of entire specimen. Equation (4) can then be rewritten as
Similarly, the yield strain of the weld line can be expressed as Figure 10 shows the variation between yield strength, yield strain, and thickness ratio. Linear relationships are observed and the constants were simulated by using the least square method 0 = 32.6 MPa, = 5.4 MPa, 0 = 2.30%, = −0.3%.
Small value in and negative value in declare the loading bearing capability of the "white band" can be ignored.
One-Dimensional Constitutive Equation
In this section, we apply a one-dimensional constitutive equation that was developed earlier [13] for welded talc-filled polypropylene. The total strain is assumed to be additively decomposed into elastic and inelastic parts,
where and represent the elastic and inelastic strains, respectively. The elastic strain is assumed to be path independent, such that
where is elastic modulus of the material and is the stress. The inelastic strain, , is assumed to be a function of stress and total strain in the following way:
Substituting (10) and (11) into (9) gives
Equation (12) represents the constitutive equation. At small strains, ≪ 1, one can obtain
Therefore, at very small strains, (12) approximates an elastic material. At large strains, ≫ 1, and (12) can be simplified as
To determine the parameters in the constitutive equation, (12) is written as
Equation ( Figure 11 , are linear at different processing conditions. The values of and obtained from these plots are listed in Table 1 . Figure 12 shows the compliance factor and strain exponent plotted as a function of thickness ratio. It can be observed from this figure that both and increased with increasing thickness ratio. Their relationships can be expressed by the following equations:
(1/MPa) = 0.014 exp (7.68 ) .
(17) Substituting elastic modulus , compliance factor , and strain exponent into (12), the simulated stress-strain plots were drawn in Figures 2 and 3 and they seem to fit the experimental data well.
Conclusions
Weld-line yield strength, yield strain, and failure strain of talc-filled polypropylene increase with increasing melt temperature and increasing hold pressure. The effects of these two injection molding process parameters are explained in terms of their influence on the skin-core morphology observed on the fracture surfaces in the weld zone. The core contained talc particles that were oriented normal to the loading direction and the skins contained talc particles oriented parallel to the loading direction. The thickness of the core decreased and the thickness of the skins increased with increasing melt temperature and increasing hold pressure. A three-parameter nonlinear constitutive model is applied to describe the stressstrain curves of the talc-filled polypropylene. The parameters in this model are the modulus , the strain exponent , and the compliance factor . Both and are sensitive to the skin-score thickness ratio.
